The study presents the application of a purely conductance-based stochastic nerve fibre model to human auditory nerve fibres within finite element volume conduction models of a semi-generic head and user-specific cochleae. The stochastic, threshold and temporal characteristics of the human model are compared and successfully validated against physiological feline results with the application of a mono-polar, bi-phasic, cathodic first stimulus. Stochastic characteristics validated include: (i) the log(Relative Spread) versus log(fibre diameter) distribution for the discharge probability versus stimulus intensity plots and (ii) the required exponential membrane noise versus transmembrane voltage distribution. Intra-user, and to a lesser degree inter-user, comparisons are made with respect to threshold and dynamic range at short and long pulse widths for full versus degenerate single fibres as well as for populations of degenerate fibres of a single user having distributed and aligned somas with varying and equal diameters. Temporal characteristics validated through application of different stimulus pulse rates and different stimulus intensities include: (i) discharge rate, latency and latency standard deviation versus stimulus intensity, (ii) period histograms and (iii) interspike interval histograms.
Introduction
A cochlear implant (CI) directly stimulates the surviving and functioning auditory nerve fibres (ANFs) with electrical pulses via an array of electrodes implanted inside the cochlea to provide profoundly deaf persons with a measure of sound perception and, in particular, speech perception (Smit et al. 2009 ). Improving the sound perception of the CI user requires an improvement in stimulation strategies (Arora et al. 2009; Fu and Shannon 2000; Galvin and Fu 2005; Middlebrooks 2004 ) and CI electrode designs (Briaire and Frijns 2006; Kreft et al. 2004; Kwon and Honert 2006; Snel-Bongers et al. 2012) . Improved stimulation strategies and electrode designs may in turn benefit from a better understanding of: i. the auditory nerve properties through neural modelling (Badenhorst et al. 2016; Bruce et al. 1999b; Hanekom and Hanekom 2016; Macherey et al. 2007; Rattay et al. 2001a, b; Smit et al. 2010; Gendt et al. 2016) , ii. the wide variance in performance and perceptual experience produced by the CI among CI users (Ferguson et al. 2003; Firszt 2004; Nadol 1997; Skinner 2003) , and iii. the effect of various stimulation strategies and electrode designs through computational modelling ).
To better understand and hence predict the electrically stimulated neural response (ESNR) caused by the activa-tion of an electrode, numerous ANF models (Frijns et al. 1994; Imennov and Rubinstein 2009; O'Brien and Rubinstein 2016; Rattay 1990; Rattay et al. 2001b; Smit et al. 2010 ) and volume conduction (VC) models (Frijns et al. 1995; Hanekom 2001; Kalkman et al. 2014; Malherbe et al. 2015; Rattay et al. 2001a ) have been developed since the revolutionary nerve fibre model by Hodgkin and Huxley [1952] (HH). The temporally encoded information contained in a CI's ESNR (Cartee et al. 2000; Sachs et al. 1983; Honert and Stypulkowski 1987) influences speech perception of CI users (Fu and Shannon 2000; Galvin and Fu 2005; Vandali et al. 2000) , as well as pitch perception of complex tones and pure-tone frequency discrimination (Javel 1990 ). The temporally encoded information within the ESNR is in turn affected by the high-frequency pulsatile stimulation of CI speech processors (Javel and Shepherd 2000; Honert and Stypulkowski 1987) . In addition to estimating the neural excitation threshold (the stimulus intensity at which the neuron is excited to provide a propagating action potential (AP)), the desired models should therefore also model the ANF temporal characteristics (Bruce et al. 1999b; Cartee et al. 2000; Rattay et al. 2001b) . This is generally done in physiological experiments through the use of discharge rate and latency versus stimulus intensity plots as well as period and interspike interval (ISI) histograms (Javel 1990; Javel and Shepherd 2000; Javel et al. 1987; Javel 1997, 1999) .
One of the important properties of a nerve fibre that impacts its temporal characteristics is variance in threshold stimulus intensity (Hales et al. 2004; Javel et al. 1987; Verveen 1962; Verveen and Derksen 1968) . This threshold variance has been shown to be primarily caused by the stochastic behaviour or microscopic fluctuations of the node of Ranvier's voltage dependent sodium channels (Hales et al. 2004; Rubinstein 1995; Sigworth 1980) of which the intensity is a function of the membrane voltage (Verveen and Derksen 1968) . A number of methods are followed to model the threshold variability in phenomenological (Bruce et al. 1999a, b; Macherey et al. 2007 ), in conductance-based (Badenhorst et al. 2016; Dangerfield et al. 2010; Goldwyn and SheaBrown 2011; Huang et al. 2013; Imennov and Rubinstein 2009; O'Brien 2016; Rattay et al. 2001b; Rubinstein 1995) and most recently in hybrid biophysical-phenomenologicalbased (Gendt et al. 2016 (Gendt et al. , 2017 stochastic models. The majority of purely conductance-based stochastic models are applied on a single node of Ranvier due to their high computational cost compared to phenomenological and hybrid models which are easily applied to full length fibres. However, only conductance-based or biophysical models, such as the HH-based models, provide biophysically meaningful results (Izhikevich 2004) to evaluate the impact of physiological fibre attributes, such as fibre diameter, nodal and internodal lengths, and myelin thickness, in the study and modelling of CIs (Rattay et al. 2001b) . Except for the Rattay model (Rattay et al. 2001a, b) , the biophysical stochastic models that are applied on full fibres are applied within a homogenous medium and not within 3D volume conductions models as is the objective in the present study.
The primary objective of the present study is to determine whether the application of a biophysical stochastic population ANF model in a VC model of user-specific cochleae has a significant intra-user impact on excitation threshold and dynamic range compared to a single deterministic and stochastic fibre model. (Intra-user comparison, for the purpose of this study, is defined as comparing the predictions of a user's deterministic model with the same user's stochastic model as opposed to comparing it to other users' predictions (inter-user comparison)) Therefore, of the three types of purely conductance-based stochastic models identified and reviewed by , a current noise method is used in this study due to it having the lowest computational cost for this initial investigation. The particular current noise method used is the voltage dependent current noise term and algorithm presented in Badenhorst et al. [2016] which has been shown to adhere to the measured stochastic fibre characteristics of a negative linear log(Relative Spread) versus log(diameter) distribution and the exponential distribution of the standard deviation of membrane noise (V rms ) versus transmembrane voltage (V mem ) (Verveen 1962; Verveen and Derksen 1968) . Relative spread (RS) is defined as the standard deviation (σ ) of the discharge probability function (DPF), also referred to as the threshold region width or spread, divided by the 50% discharge probability stimulus intensity (μ) of the DPF, a.k.a. the stochastic threshold (Rubinstein 1995; Verveen 1962) . By keeping the stochastic model purely conductance-based, the origin of the stochasticity remains an inherent part of the ANF model through the membrane voltage (Verveen and Derksen 1968) and through the nodal surface area (via fibre diameter and nodal length), which accounts for the effect of the number of sodium channels per node on the noise magnitude (Badenhorst et al. 2016; Rubinstein 1995) .
This article presents the application of a purely conductance-based stochastic nerve fibre model (Badenhorst et al. 2016 ) to a human ANF in a VC model of a semi-generic head and user-specific cochlea for four users. Section 2 provides the methodology in terms of the ANF morphology, VC modelling used, a brief overview of the stochastic conductance-based computational ANF model, creation of fibre population models and the validation criteria and procedures. Section 3 first provides graphical validation of the human compound ANF model in terms of a log(RS) versus log(diameter) analysis for all users with full and degenerate fibres, as well as the exponential membrane noise (V rms ) versus the transmembrane voltage (V mem ) distribution. Secondly, an intra-and inter-user modelled threshold compari- Rattay et al. [2001b] , except for the scaled dendrite internodal distances which is a function of x as presented in Kalkman et al. [2014] to ensure the correct anatomical location of the dendritic terminal nodes at the lateral edge of the spiral lamina and of the soma within Rosenthal's canal son between single deterministic and stochastic fibres (full and degenerate) is presented, followed by a DPF comparison among four populations of fibres of one user for the cases of distributed and aligned somas with varying and uniform fibre diameters. Thirdly, selected temporal characteristics of the proposed model are validated against feline physiological measurements to ensure that these temporal ANF characteristics are modelled correctly. Characteristics are evaluated using discharge rate, latency and latency standard deviation versus stimulus intensity plots, as well as period and ISI histograms. The article then concludes with a brief discussion of the results obtained and future application of the model.
Methodology

ANF morphology
The study used the HH-based human compartmental ANF model of Rattay et al. [2001b] , except for the dendrite's internodal distances which were scaled in accordance with the method presented in Kalkman et al. [2014] . The resulting morphology in Fig. 1 shows the assigned node numbers that represent the unmyelinated or active compartments, as well as the original compartment numbers and lengths. The scaling of the dendrite in the user-specific VC models of the cochleae ensured the correct anatomical location of the dendritic terminal nodes at the lateral edge of the spiral lamina and of the soma in Rosenthal's canal (Kalkman et al. 2014) . Scaling also enabled the Rattay model to produce propagating action potentials (APs) at a modelling temperature of 37 • C. An average axon diameter of d avg = 3μm was used in most simulations based on the weighted average diameter calculated from the physiological data in Fig. 15 of Spoendlin and Schrott [1989] in which the axon diameter (d axon ) varies between 2 and 5μm. In all simulations the dendrite diameter was set to half the axon diameter (Rattay et al. 2013 ) and the nodes of Ranvier kept at a length of 2.5μm in accordance with the Rattay model. The majority of simulations, in particular those analysing the temporal characteristics, were done for degenerate fibres only, as it has been shown in both clinical and experimental studies that the majority of cochleae of people with profound hearing loss show moderate-to-complete degeneration of the dendrite (Lu and Schuknecht 1994; Nadol et al. 1989; Nadol 1990; Otte et al. 1978) . Though it is known that degeneration of the ANF begins at the dendrite and progresses towards the soma and axon (Felder et al. 1997; Nadol 1990; Shepherd and Javel 1997) and that electrical stimulation of the surviving ANFs do not prevent degeneration (Agterberg et al. 2010; Coco et al. 2007) , it has also been found that the majority of somas survive (Nadol et al. 1989; Otte et al. 1978) . Hence degenerate fibres were created by terminating the dendrites at node 5 (compartment 9) of Fig. 1 thereby including the surviving soma into the degenerate ANF.
Volume conduction models and stimuli
The ANF model was applied in four user-specific cochlea VC models, of which a MATLAB rendition is shown in Fig. 2 . Each cochlea was positioned within a semi-generic head VC model (Fig. 3 ) based on the work by Malherbe [2009] , Malherbe et al. [2013] and Malherbe et al. [2015] to form user-specific compound models. The head model, developed in COMSOL, provides the potential distribution upon electrical stimulation within the cochlea and in particular, via interpolation using the MATLAB-COMSOL interface, at the centre of each of the fibres' compartments. A detailed explanation of the process is found in Briaire and Frijns [2005] . These compartment potentials serve as input to the conductance-based computational ANF model to determine if the particular stimulus causes the fibre to be excited and produce a propagating AP or not. A bone conductance of 0.0154 S/m was used and single fibres were spaced at 5 • intervals around the modiolus following a radial pattern from the modiolus into and through the centre of the spiral lamina. Somas of these fibres were positioned approximately in the centre of Rosenthal's canal (Malherbe et al. 2015) .
All stimuli were mono-polar, bi-phasic, cathodic first with pulse widths (PW) and interpulse widths (IPW) as specified in Table 1 for the user-specific scenario (as per their MAP set- Fig. 2 User-specific cochlea VC models rendered in MATLAB and labelled as 'S' for user, user number and 'R' for right cochlea or 'L' for left cochlea. Three of the users have scala vestibuli insertions, with S3L having a shallow insertion. Fibres are spaced at 5 • intervals around the modiolus following a radial pattern from the modiolus into and through the centre of the spiral lamina. The somas of these fibres are located approximately in the centre of Rosenthal's canal tings) or for the alternative scenario to investigate the effect of a longer or shorter pulse width. All stimulus intensities are stated in dB re 1μA.
Conductance-based stochastic computational ANF model
The stochastic HH-based Rattay ANF computational model (Rattay et al. 2001b) was implemented using the current noise term and voltage dependent current noise algorithm developed by Badenhorst et al. [2016] . Figure 4 depicts the implementation of current noise in a section of a nerve fibre from which only a brief explanation of the parameters and principles required for this paper will be presented here. For a comprehensive description of the methodology and calculation of the various electrical components, currents and voltages the reader is referred to Rattay et al. [2001b] , Rattay [1990] and Badenhorst et al. [2016] .
Using Kirchoff's current law at node n, an expression for the membrane capacitance current, I C,n , is obtained as:
where V mem,n is the transmembrane voltage defined as the difference between the intra-and extracellular potentials V i,n − V e,n , I ion,n represents the ionic currents as defined by HH, I st,n represents the axoplasmic currents −I Ga,n−1 − I Ga,n+1 and I noise,n the added Gaussian noise current as defined in Eqs. (2) and (3). GAUSS is a random variable with a standard normal distribution (μ = 0, σ = 1) of which the value changes every 1μs (compared to the 2.5 μs in Rattay et al. [2001b] ), k fact is a noise factor which is a function of both the unmyelinated axon diameter (d axon ) and V mem as per the voltage dependent current noise algorithm in Badenhorst et al. [2016] , g Na is the maximum sodium conductance density and A n is the membrane surface area of node n. The scaling factor (SF) defined in Eq. (3) is the SF to be used in Eq. (2) for an axon having a diameter 2μm ≤ d axon ≤ 5μm compared to the average axon diameter of d avg = 3μm. To compare the temporal characteristics of the stochastic human ANF model to those physiologically measured in felines, the coefficient in Eq. (3) is reduced from the original 4.62 used in the feline ANF model to 4.0 and the exponent rounded from −1.43 to −1.4 as discussed and illustrated in Sect. 3.1.
The addition of the Gaussian current noise term of Eq. (2) as shown in Eq. (1), results in the HH system of ordinary differential equations (ODEs) being converted into a system of stochastic differential equations (SDEs). The system can therefore not be solved using ODE numeric solvers, and hence a first-order implicit Euler-Maruyama numerical and V e respectively represents the intra-and extracellular potentials. Currents indicated are the membrane capacitance current I C , the potassium, sodium and leakage HH ionic currents represented by I ion , the axoplasmic currents I G and the injected noise current I noise . Electrical components shown are the axoplasmic conductance G a , membrane capacitance C m and voltage dependent membrane conductance G m method based on Itô-calculus was implemented in MATLAB to obtain a valid SDE numerical solver (Govender 2006; Higham 2001) . A fixed time step-size of 1μs was used in the numerical SDE solver to correspond with the noise values changing every 1μs.
Verification of the human stochastic ANF model characteristics
One of the important characteristics of a stochastic fibre is its negative linear log(Relative Spread) versus log(diameter) distribution as measured by Verveen [1962] . This characteristic is verified in Sect. 3.2 for each of the four user-specific compound models to ensure that the stochastic compound human ANF model presented, correctly models this measured physiological characteristic as was the case in the feline ANF model in Badenhorst et al. [2016] . First, an electrode was identified within each model that lies at approximately the same angle within the cochlea relative to the start of the basal turn. Secondly, of the single fibres shown in Fig. 2 , the full and degenerate fibre having the lowest deterministic threshold at d avg for each of these stimulating electrodes was determined. This could result in the fibre identified not being tonotopically aligned with the stimulating electrode, especially in the case of degenerate fibres. Thirdly, the DPFs for these fibres were generated at d axon = 2, 2.5, 3, 4 and 5μm from which the log(RS) versus log(d axon ) distribution was finally generated for each user model and fibre. A second characteristic of a stochastic fibre is the exponential distribution of the standard deviation of membrane noise (V rms ) versus the transmembrane voltage (V mem ) as measured in Verveen and Derksen [1968] . This characteristic is verified for the human ANF of a single user in Sect. 3.2 by extracting and plotting V rms versus V mem as described in Badenhorst et al. [2016] .
Threshold comparison between single fibres and populations of deterministic and stochastic fibres
To determine whether the addition of stochasticity has a significant impact on fibre thresholds, the deterministic thresholds of each of the fibres identified for the log-log distribution tests are compared to one another and to their corresponding stochastic thresholds at d avg in Sect. 3.3.1.
The stochastic threshold of a fibre is defined as the stimulus intensity corresponding to a discharge probability of 50%, (Verveen 1962) .
To investigate the effect of varying the diameter, position (i.e. electrode-fibre separation) and soma location of a fibre, a comparison is also made (Sect. 3.3.2) between thresholds and DPF spreads of four populations of fibres for a single user. All four populations were formed by first replacing the single degenerate fibre of user S3L identified for the log-log distribution tests, shown in Fig. 5a , with 18 degenerate fibres as illustrated in Fig. 5b , c. Since the single fibres in Fig. 2 are spaced at 5 • intervals around the modiolus, the trajectories of the fibres in the population were uniformly spread within a radial arc of slightly less than 5 • (2.5 • towards the apex and 2.5 • towards the base from the single fibre's location) using a version of Lloyd's algorithm for approximating a centroidal Voronoi tessellation 1 (Du et al. 1999 ). The predictions for the single degenerate fibre was used as a benchmark against which to compare the fibre population's predictions. Figure 5d shows the position of the populations relative to the actual stimulating electrode selected as described in Sect. 2.4 and shown in Sect. 3.2. It should be noted in Fig. 5d that the fibre population is not tonotopically aligned with the stimulating electrode.
The first of the four populations was subsequently created by distributing the somas along the fibre trajectories within Rosenthal's canal and positioning the nodes of Ranvier relative to the soma along the fibre trajectory in accordance with the morphology in Fig. 1 . This is illustrated in Fig. 5b . Somatic diameters were all set to 30μm while axon diameters were randomly selected such that 2 μm ≤ d axon ≤ 5μm in proportion to the distribution of the measured diameters in Spoendlin and Schrott [1989] . The second of the four populations was formed by setting all axon diameters of population 1 to d avg . Population 3 was formed by aligning the somas to approximately the same position as that of the original single fibre within Rosenthal's canal as shown in Fig. 5c and assigning the same fibre diameters of population 1 as per Fig. 6 . Similar to population 2, population 4 was formed by setting all axon diameters to d avg . An alternative method for creating a population of fibres is presented by Kalkman et al. [2015] .
Temporal validation of the stochastic fibre model
A final validation of the conductance-based stochastic compound human ANF model was done by generating discharge rate, latency and latency standard deviation versus stimulus intensity plots, as well as period and ISI histograms using the stochastic, degenerate fibres identified for and used in the log-log distribution tests. Simulations were done at PWs of 25 and 85 μs and using pulse trains at rates of between 200 and 1100 pps/ch based on the user's MAP settings, preferences and pulse rates used in experiments (Arora et al. 2009; Fu and Shannon 2000; Vandali et al. 2000; Xu et al. 1997) . Latency was measured as the time between stimulus onset and the peak of the first AP on the ANF. The graphs are presented in a format similar to the physiological data for 
Results
Motivation for the chosen SFcoefficient and exponent values
It was noted in Badenhorst et al. [2016] that in vivo measurements of human ANFs do not exist against which to verify the DPF spread and hence the coefficient of 4.62 and exponent of −1.43 in the SF function in Eq. (3), SF 0 , only serve as initial estimates. The DPF with solid markers in Fig. 7 is the result of the application of SF 0 to a full fibre of user S3R at d axon = 2 μm. A DPF is the least-squares fit to a cumulative Gaussian function as represented by 15 discharge probabilities (markers), calculated as the number of discharges out of 100 simulations of a single pulse, at 15 stimulus intensity levels. The simulated probabilities (markers) are noted to reach unity at a higher stimulus intensity (68.5 dB) than that of their fitted DPF (line, 66 dB). This was found to be due to the large SF value at the small diameter causing the magnitude of the noise to be high enough to inhibit the generation of APs at the higher stimulus intensities where the probability should have been one, according to the fitted DPF. Evaluation of in vivo measured DPFs of feline ANFs, however, show that this phenomenon is an artefact of the model, since it does not occur in actual ANFs, and that the measured probabilities reach a steady unity state along with the fitted DPFs (Javel and Shepherd 2000; Javel 1997, 1999) . The coefficient of the SF function was therefore decreased to 4.0 and the exponent rounded to −1.4, SF 1 , which resulted in the modelled probabilities (open markers) in Fig. 7 reaching unity along with its fitted DPF (broken line) having a slightly lower spread and higher stochastic threshold. Figure 8 shows the SF values of both cases for 2 μm ≤ d axon ≤ 5 μm in which it is noted that the difference in SF values for SF 0 and of SF 1 is relatively small and decreasing as the diameter increases. The probabilities for SF 0 are prevented from reaching unity at the same stimulus level as the fitted DPF owing to the large SF value causing a high enough noise magnitude to inhibit the generation of APs. A reduction of the coefficient to 4.0 in SF 1 solves this deviation from measured feline ANF discharge probabilities and DPFs. The probability represented by each marker was calculated as the average probability out of 100 simulations at the particular stimulus intensity Figure 9 shows the relative electrode array trajectories, electrode locations (markers) and selected electrodes (encircled and numbered in the legend) of the four user-specific models as viewed down the centre axis of the modiolus. Electrode numbering for the implants of users S3R and S13L starts from 1 at the basal end of the array and at 8 for user S3L due to a shallow insertion thereby excluding electrodes 1-7 from the model and figure. For user S30R, having an MED-EL implant, numbering starts from 1 at the apical end of the array. The DPF and log(RS) versus log(d axon ) results for the fibre having the lowest deterministic threshold for each user's selected electrode are presented in Fig. 10a for the case of all Fig. 9 Top view down the modiolus of the electrode array trajectories for the four users with the encircled electrodes along the broken radial line selected for the log(RS) versus log(d axon ) distribution tests. The selected user-specific electrode numbers are given in the legend (example e21 for electrode 21) and axes units are in millimetres fibres in Fig. 2 being full fibres and in Fig. 10b for the case of all fibres being degenerate fibres. It is therefore important to note that, except for user S30R, the degenerate fibre evaluated in Fig. 10 and subsequent results is not the same physical fibre at the same location as the full fibre. User-specific stimuli were used as per Table 1 . In all cases the stochastic threshold and spread of the DPFs decrease for an increase in diameter, resulting in the required negative linear log(RS) versus log(d axon ) distribution. The conductance-based stochastic compound human ANF model therefore conforms to this important stochastic nerve characteristic as discovered by Verveen (1962) .
Comparing full fibre to degenerate fibre thresholds, users S3R, S3L and S13L show an increase of approximately 3 dB for the degenerate fibres while user S30R shows near identical predictions for the full and degenerate fibres. It was found that the site of AP initiation for user S30R is on the axon for both the full and degenerate fibre, whereas the other users' (a) (b) Fig. 10 User-specific DPFs and their corresponding log(RS) versus log(d axon ) distributions for a full and b degenerate fibres. DPFs show the required decrease in spread or standard deviation along with a decrease in stochastic threshold with an increase in diameter. The corresponding log-log distributions all show near perfect least-square negative linear fits as required with gradients (m) and intercepts (c) given for each distribution. User-specific PWs were used as per Table 1 site of initiation is on the dendrite for the full fibre and on the axon for the degenerate fibre. This correlates well with the knowledge that S30R has a scala tympani insertion in which the electrode is nearer to the axon compared to the scala vestibuli insertions of the first three users, in which the electrode is nearer to the dendrite. The exponential V rms versus V mem characteristic is verified in Fig. 11 Verveen and Derksen [1968] . If "unscaled" to the estimated average nodal surface area of the fibres measured in Verveen and Derksen [1968] , A 0 , the solid markers are a near perfect fit to their measured noise curve (VD data) gle mono-polar point electrode above node 4 in an infinite homogeneous medium (ρ e = 0.3 k cm). The open markers represent V rms resulting from the applied voltage dependent current noise algorithm and Eqs. (2) and (3) at the modelled nodal surface area A n . The dendrite noise is seen to be higher than the axon's due to the dendrites smaller diameter and hence smaller A n . If the noise is downscaled back to its original value to correspond to the estimated average nodal surface area of the fibres measured in Verveen and Derksen [1968] , A 0 , the solid markers are a near perfect fit to their measured noise curve (VD data).
Threshold comparison of deterministic and stochastic fibres
Single fibres
Deterministic (vertical lines) and stochastic (DPF at P = 0.5) thresholds are compared intra-and inter-user in Fig. 12 for full (top) and degenerate (bottom) ANFs at a short (left) and long (right) PW. An increase in PW results in a decrease in thresholds for all users as expected (Javel et al. 1987; Shepherd and Javel 1999) . Except for user S30R whose site of AP initiation was found to be on the axon even for a full fibre, degenerate fibres show an increase in threshold due to the site of AP initiation shifting from the now degenerate dendrite, which is nearer to the stimulating electrode, to the axon which Fig. 12b with vertical lines at the three deterministic threshold transition stimulus levels (top) clearly showing that the deviation from a normal DPF distribution occurs around the deadband region is further (Javel et al. 1987; Rattay 1987) . Apart from the full fibres at PW = 85 μs (Fig. 12b) , the differences between the deterministic and stochastic thresholds are negligible and fibres have a small dynamic range. Dynamic range is defined as the intensity range over which the discharge probability increases from 0.1 to 0.9 (Shepherd and Javel 1997) . Closer inspection of the DPFs of the full fibres at PW = 85 μs in Fig. 12b reveals non-normal distributions of the discharge probabilities compared to their least-squares normal fits for users S3R, S3L and S13L that result in seemingly larger dynamic ranges in fibre excitation. This is shown more clearly in Fig. 13 for user S3R in that the discharge probabilities initially follow a normal distribution up to 51 dB but then begin to decrease until a new normal distribution is followed from 52.7 dB onwards. Upon further investigation, it was found that the cause of the non-normal distributions probably occurs in the deterministic model and in the dendritic compartments. Figure 13 (top) shows that although a propagating AP was initiated on the dendrite of the deterministic fibre from 50.93 to 51.96 dB and again above 52.90 dB, the AP could not propagate across the somatic nodes (dark, concentrated lines) from 51.97 to 52.89 dB. Since this "deadband" exists in the absence of stochasticity, the non-normal DPF distribution phenomenon must have its origin partly in the deterministic model. Simulation of other electrodes and fibres at PW = 25 μs also resulted in non-normal DPF distributions, but never for a degenerate fibre, as can be seen in Fig. 12d in which all DPFs have a normal distribution. This, together with the observation that the APs do not propagate across the somatic nodes within the deadband, supports the hypothesis that the phenomenon must also have its origin partly in the dendritic compartments. A change in soma diameter had a negligible effect on the deadband width and this phenomenon did not occur for the straight, full fibre in an infinite homogenous medium.
The cause of this phenomenon therefore seems to be a combination of the dendrite morphology and the volume conduction model. However, having already noted from literature that the majority of fibres of cochleae show moderate-to-complete degeneration of the dendrite, finding the actual cause of the phenomenon or model artefact was left for later investigation and the remaining simulations were only done for degenerate fibres in which the non-normal DPF phenomenon does not occur.
Population of fibres
The DPFs for the case of distributed somas of populations 1 and 2 are shown for varying fibre diameters (as per Fig. 6 ) in Fig. 14a and for all fibres having a diameter of 3 μm in Fig. 14b , respectively. Similarly, Fig. 15a, b shows the DPFs for populations 3 and 4, respectively, in which the somas are aligned within Rosenthal's canal in an attempt to minimise the effect of soma position. A few arrows indicate which DPFs are for the same fibres in (a) and (b) with the specific fibre number within the population alongside each arrow line. The thick, dashed DPF labelled "50% Pop DPF" in each of the figures represents the probability of 50% of the fibres in the population discharging at a given stimulus intensity thus, providing what will be referred to as a population (stochastic) threshold and DPF. The thick, solid, vertical lines at 65.26 dB and DPF in each of the figures respectively represent the deterministic threshold and stochastic DPF of the original single fibre (Fig. 5a ) as first presented in Fig. 12c . Since the original single fibre, which is no longer present having been replaced by the population of fibres, would have been located in the centre of the population, one would expect its threshold and DPF to be located approximately within the centre of the DPF's of the population's fibres. This is indeed the case as seen in Figs The thick, dashed DPFs labelled "50% Pop DPF" represent the probability of 50% of the fibres discharging at a given stimulus intensity, while the thick, solid, vertical lines at 65.26 dB and DPF represent the deterministic threshold and stochastic DPF of the original single fibre (Fig. 5a) , as in Fig. 12c , respectively. Arrows, numbered according to the specific fibre number in the population of almost imperceptible (0.27 ≤ σ ≤ 0.39), while shifts in stochastic threshold are comparable with the dynamic range of the fibres. These two observations are better illustrated and discussed in Fig. 16 . Firstly, as is the case in physiological measurements, Fig. 16a shows that a decrease in the fibre diameter from d a for both distributed (Dist.) and aligned (Alig.) somas in Figs. 14a and 15a , respectively, to 3 μm in Figs. 14b and 15b
, results in an increase in the fibre threshold from μ a in Figs. 14a and 15a to μ b in Figs. 14b and 15b ( μ = μ b − μ a > 0), and vice versa. Compared to the dynamic ranges of the DPFs in Figs. 14 and 15 (0.3 dB < D R < 1.9 dB), the range in threshold change (−1 dB < μ < 1dB) is comparable in magnitude, but not large enough to shift the threshold outside of the original dynamic range. Secondly, although the regression lines of the two cases are almost identical, the distributed case does show more variance relative to its regression line than the aligned case. This suggests that the location of the soma does have an effect on the change in threshold, but less so than does the fibre diameter. Figure 16b shows that a decrease in fibre diameter ( d < 0) results in a seemingly inverse exponential increase in DPF spread ( σ > 0). A decrease in the fibre diameter to 3μm therefore results in a much smaller increase in spread compared to the decrease in spread that results from the same relative increase in fibre diameter. Compared to Fig. 16a , the distributed case shows much less variance within its distribution, which is now similar to that of the aligned case. This shows that the spread or dynamic range of a single degenerate fibre is primarily determined by the fibre diameter and not affected by the soma location, seeing that the site of excitation is on the axon. and from 4.3 to 2.0 dB in (b). This further supports the observation that the location of the somas affects the threshold of the fibres. The same observations are made regarding spread and threshold relative to fibre diameter, the 50% population DPFs and the population's threshold range as in Fig. 14 (distributed somas) Comparison of the threshold ranges of the different populations (range between the fibres with the highest and lowest stochastic threshold in the population) reveals that fibre diameter has a much smaller impact compared to the location of the soma. A uniform fibre diameter reduces the range from 5 dB for population 1 to 4.3 dB for population 2( = 0.7 dB) and from 2.6 dB for population 3 to 2.0 dB for population 4( = 0.6 dB). In contrast, aligning the somas reduces the population threshold range from 5 dB for population 1 to 2.6 dB for population 3( = 2.4 dB) and from 4.3 to 2.0 dB for population 4( = 2.3 dB). With uniform fibre diameters and aligned somas in population 4, the remaining distribution in thresholds can only be ascribed to the slight variance in soma-electrode distances and the varying fibre-electrode distances because of the 3D distribution of the fibre population within the 5 • arc. These observations underline the importance of correctly modelling the location of the electrodes relative to the fibres, and in particular the somatic bundles, to model the threshold range of a population of fibres accurately.
To determine whether there is any positive correlation between soma-electrode distance and threshold, Fig. 17 plots the individual fibre thresholds of populations 2 and 4 (all fibres having d axon = 3 μm) versus electrode-soma distance.
It was expected that both populations would show a strong positive correlation, as does the aligned case of population 4. However, the distributed case of population 2 revealed a weak positive correlation with significant variance around its regression line. A possible explanation for the variance of the distributed case might be found by noting from Figs. 5c and 17 that the soma-electrode distances vary very little on effectively a flat 2D plane for the aligned case whereas the distance varies through a 3D space for the distributed case. The effect of the non-homogenous conductivity of the different materials within the 3D volume conduction model in Fig. 3 might therefore be more pronounced for the 3D distributed case than for the aligned case, which effectively has a near 2D distribution relative to the stimulating electrode.
Finally, comparing the population thresholds (μ of the thick, dashed DPFs) to the single stochastic and deterministic fibre thresholds (solid lines) reveals a difference of less than 1.0 dB for the distributed somas in Fig. 14 and less than 0.3 dB for the aligned somas in Fig. 15 . This suggests that if the objective is to model excitation thresholds, one can safely use the deterministic ANF model to minimise computational effort and time. That being said, the deterministic model cannot account for the dynamic range of a fibre population.
Pulse train response and temporal analysis
Construction of the temporal plots and histograms was done by stimulating a degenerate stochastic fibre with a pulse train of 100 pulses at a number of stimulus intensities and extracting from the results the number of propagating APs or spikes, the latency of each AP and the interspike intervals. An example of 10 pulses from such a simulation is given in Fig. 18 for a pulse rate of 1000 pps applied to the fibre associated with electrode 11 of user S3R. The excerpt shows the required increase in spikes or APs per second (discharge rate) and decrease in ISI variance with an increase in stimulus intensity (Javel and Shepherd 2000) . From the extracted data, the following graphs were generated for user S3R at PWs of 25 μs (Fig. 19a) 
Fig. 17
Fibre thresholds show a strong, positive correlation with the soma-electrode distance for the aligned soma case of population 4, but a weak correlation for the distributed soma case of population 2. This suggests that soma location indeed has a significant impact on the fibre threshold alongside the location of the fibres within the population. A possible explanation for the variance of the distributed case might be that the effect of the non-homogenous conductivity of the different materials within the 3D volume conduction model in Fig. 3 is more pronounced for the 3D distributed case compared to the aligned case, which effectively has a 2D distribution relative to the electrode (Fig. 19b) , as well as for user S30R at 25 μs (Fig. 19c ) and 85 μs (Fig. 19d ): discharge rate, latency and latency standard deviation versus stimulus intensity; period and ISI histograms. The characteristics of these modelled human ANF results could thus be compared and validated against physiological characteristics available for feline ANFs. Because the simulations were done for degenerate fibres, the modelled results are for what is known as a Type A response only, which has a short latency (< 0.44 ms) and a narrow dynamic range (≈ 1.2 dB) because the site of spike initiation is on the central SGC process or axon (Javel and Shepherd 2000) .
Discharge Rate
All discharge rate functions show good least-squares normal cumulative distribution function fits as is the case for physiological results (Javel and Shepherd 2000; Shepherd and Javel 1997) . The dynamic ranges (shown in the legends) are of the correct order of magnitude (Javel and Shepherd 2000) and increase for an increase in pulse rate (Galvin and Fu 2005) . For both users the longer PW results in lower threshold stimulus levels while S30R, who has scala tympani insertion, has lower threshold stimulus levels compared to S3R, having a scala vestibuli insertion, for both the short and longer PWs due to the scala tympani insertion being closer to the axon on which the AP is initiated.
Latency
The latency plots show the required moderate reduction in latency with increasing stimulus intensity and is of the same order of magnitude as physiological results (Javel and Shepherd 2000; Shepherd and Javel 1997) . The same holds true for the latency standard deviations. 
Period and ISI Histograms
The period histograms confirm: i) the required short latency, ii) that the response is phase-locked to the stimulus pulse shown and iii) that the response becomes more synchronized and greater as in intensity increases (Javel 1990; Javel and Shepherd 2000) . The ISI histograms verify: i) that the ISIs have modes at integer multiples of the stimulus period (T) as expected since the response is phase-locked and ii) that the ISI distributions are exponentially decreasing functions of ISI length for submaximal response (Javel 1990 ). Submaximal response is a response where the spikes per second are fewer than the pulses per second (Javel 1990 ).
Discussion and conclusions
A purely conductance-based current noise algorithm (Badenhorst et al. 2016 ) was applied to an HH-based ANF model in VC models of user-specific cochleae, to determine whether the excitation threshold and dynamic range of single deterministic and stochastic fibre models are significantly affected by the application of a biophysical stochastic population ANF model. The results in Figs. 10 and 11 showed adherence to a number of physiological stochastic fibre characteristics: (i) normal DPF distributions (Verveen and Derksen 1968) , (ii) negative linear log(RS) versus log(diameter) distributions (Rubinstein 1995; Verveen 1962) and (iii) an exponential V rms versusV mem distribution (Verveen 1962 ).
An intra-and inter-user comparison of stochastic versus deterministic and full versus degenerate fibres for a short and long pulse width in Fig. 12 showed: (i) very little difference in deterministic and stochastic thresholds and narrow dynamic ranges as measured by Javel and Shepherd [2000] , (ii) variance in thresholds between users due to a variance in fibre-to-electrode distances as found in Javel et al. 1987 , (iii) a decrease in threshold for an increase in pulse width (Javel et al. 1987; Shepherd and Javel 1999) and (iv) a higher threshold for degenerate fibres as the fibre-to-electrode distance increased and the point of excitation moved from the dendrite to the axon. A deadband region was also observed within the deterministic full fibre compound model as shown in Fig. 13 , but the cause of this supposed model artefact was deferred for future study.
In an attempt to investigate the stochastic versus deterministic threshold and spread using other ANF models, the well-known Schwarz and Eikhof [1987] (SE)-based, humanised gSEF (hgSEF) model (Kalkman et al. 2014 ) was also implemented using the current noise method and developed numerical SDE solver summarised in par. 2.3. It was, however, found that the hgSEF model could not converge for time steps larger than 1 ns, which resulted in high memory demand within MATLAB and extremely long computational times relative to the HH-based Rattay model. The reason for requiring such a small step-size was revealed by the authors of the gSEF paper (Briaire and Frijns 2005; Frijns et al. 1995) who stated that their SE-based models were solved using a fourth-order Runge-Kutta algorithm with adaptive step-size control in which the step-size varied between 1 ns and 1μs. The hgSEF model was therefore not used in the conductance-based stochastic compound ANF model because of its high computational cost resulting from the stiffness of the underlying SE system of differential equations.
Substitution of a single ANF with populations of ANFs having distributed (Fig. 14) and aligned somas (Fig. 15 ) with varying and uniform diameters first revealed that varying the fibre diameter: (i) has very little effect on the thresholds (Fig. 16a) , which are primarily determined by the fibre and soma location relative to the stimulating electrode (Fig. 17 ) (Javel et al. 1987) , (ii) primarily affects the spread or dynamic range of the individual fibres (Fig. 16b) and (iii) has a small impact on the population's threshold range ( < 0.7 dB) and the 50% population spread and threshold. In view of the fibre diameter's impact on dynamic range (Fig. 16b) Rattay et al. [2013] (1.7 μm < d axon < 3.5 μm, d axon = 2.65 ± 0.3 μm) and that 71% of axon diameters of adults with sensory neural deafness have been found to be less than 2 μm(42% < 0.5 μm) (Spoendlin and Schrott 1989) , future studies should focus on fibres with smaller diameters. Secondly, aligning the somas in Fig. 15 revealed a more significant decrease in the populations' threshold range ( ≈ 2.4 dB) irrespective of fibre diameter and brought the 50% population threshold even closer to that of the single deterministic and stochastic fibres ( < 1.0 dB). These observations highlight the importance of the location of the somas, and hence active fibre compartments, relative to the electrodes within the VC model. More important, however, is that a single deterministic fibre fairly accurately provides the activation threshold of the population of fibres it represents, as also found by Kalkman et al. [2015] who implemented a population of deterministic fibres. Adding stochasticity, therefore, does not solve the persisting problem of compound ANF models greatly overestimating the modelled excitation thresholds .
Pulse train response and temporal analysis of the model in Fig. 19 show: (i) normal discharge rate versus stimulus intensity distributions having physiological dynamic ranges (Javel and Shepherd 2000; Shepherd and Javel 1997) and (ii) an increase in dynamic range for an increase in pulse rate (Galvin and Fu 2005) . Stimulating pulse rates in these simulations were limited to 1100 pps based on user MAP settings, preferences and experimental rates (Arora et al. 2009; Fu and Shannon 2000; Vandali et al. 2000; Xu et al. 1997 ) in contrast to the high stimulation rates applied in the hybrid model by van Gendt et al. (2016) . Studies have also shown that stimulating at higher pulse rates to better utilise CI speech processing schemes through improved temporal information encoding seem to cause negative effects such as poorer modulation detection thresholds (Galvin and Fu 2005) , poorer intensity resolution (Kreft et al. 2004) , and increased channel interaction (Middlebrooks 2004) .
Further evaluation of the temporal results in Fig. 19 shows: (iii) latency and latency standard deviation having physiological magnitudes that decrease moderately for increasing stimulus intensity (Javel and Shepherd 2000; Shepherd and Javel 1997) , (iv) phase-locked response which increases and becomes more synchronised with increasing stimulus intensity (period histograms) and (v) ISIs having modes at integer multiples of the stimulus period of which the length decreases exponentially for submaximal response (Javel 1990; Javel and Shepherd 2000) . As the order of magnitude of the dynamic range of the discharge rate curves as well as the latencies are being compared to those of felines, one should consider that feline ANFs have much smaller diameters, that the dendrite is significantly shorter and that the soma is myelinated. The larger human diameters will therefore result in lower thresholds and smaller dynamic ranges as seen from Fig. 16b , as well as shorter latencies if the point of excitation is on the axon as in the case of these degenerate models. In the case of full fibres, the point of excitation will most likely be on the dendrite, in which case the longer dendrite and unmyelinated human soma will cause a delay in the propagating AP, thereby increasing the latency (Rattay et al. 2001b ). An important temporal characteristic not yet included in the presented model is that of adaptation, as it has been shown that low-threshold potassium (KLT) and hyperpolarisation-activated cation (HCN) channels need to be included in the HH model. This has, however, only been done on a single node of Ranvier (Negm and Bruce 2014) . It has also been observed in felines and rats that adaptation is more prevalent at relatively high pulse rates (> 1000pps) (Haenggeli et al. 1998; Litvak et al. 2001; Miller et al. 2008) , whereas the users modelled in this study have relatively low pulse rates of between 500 and 900 pps (Table 1) .
In conclusion, the study has shown that the purely conductance-based stochastic nerve fibre model could successfully be implemented in user-specific compound ANF models and sufficiently model stochastic and temporal characteristics for application in future studies. Although neither the stochastic nor the population models improved the modelling of the deterministic thresholds, they did provide a means to model and evaluate dynamic range and some temporal characteristics. Simulation of the dynamic range could possibly be compared to clinical measurements of users' dynamic range. The stochastic population model is currently being evaluated in the modelling of electrically evoked compound action potentials (eCAPs) as a means of validating the compound model using measured eCAPs and to investigate the possibility of using eCAPs to determine sites of neural degeneration. Future temporal evaluation of the proposed stochastic model could be done by including the ionic channels required for adaptation in a single fibre and comparing the temporal and computational performance to channel-based stochastic models ). Computational performance is, however, of great importance if these models are to be applied in clinical evaluations and investigations. The proposed model could also be used to model user-specific temporally encoded information, which influences the speech perception of CI users. Being able to model the above temporal characteristics is a significant step towards closing the gap between modelling the ESNR and comparing it to psychoacoustic experiments so as to improve understanding of the wide variance in user speech perception of CI users. Combined with user-specific VC models, improved modelling of the ESNR will also allow for improved modelling of stimulation strategies and CI electrode designs, which will in turn allow for improving the sound and speech perception of the CI user.
